Environmental factors, including exposure to anthropogenic factors such as endocrine disruptors, can affect the luminal fluid of the epididymides in which sperm reside during maturation, causing male reproductive dysfunction. We describe and compare epididymal morphology, histomorphometry, and proteomes of Calomys tener and Necromys lasiurus, 2 species of South American sigmodontine rodent whose reproductive biology has been little studied. Five C. tener and 6 N. lasiurus were collected in a protected area of Atlantic Forest (Minas Gerais State, Brazil), where exposure to anthropogenic influences should be minimal. The left epididymis was processed for histological analysis under light microscopy, and the right was used to assess protein expression using shotgun proteomics. Calomys tener presented higher mean values for luminal and tubular diameters than N. lasiurus in the caput region. We observed similar morphologies and relative frequencies in the epididymal epithelium of principal, basal, and clear cells in the 2 species. Shotgun proteomics detected 58 and 64 proteins in 1 or more epididymal regions of C. tener and N. lasiurus, respectively. Aldose reductase, superoxide dismutase Cu-Zn, carboxylesterase 5A, and clusterin were only detected in the epididymis of N. lasiurus. The epididymides of C. tener and N. lasiurus differed in both histomorphometry and protein expression, suggesting that describing the epididymis in closely related species may provide a complementary tool for taxonomic studies. Knowledge of epididymal histophysiology helps establish a foundation for better understanding of the reproductive biology of these rodents, and our data from a protected area create a baseline for studies investigating the effects of environmental endocrine disruptors on functionality of the epididymal epithelium.
The epididymis is a thin, long, highly convoluted tubule lined by an epithelium comprised mainly of principal and basal cells, in addition to narrow, apical, halo, and clear cells, depending on the species (Arrighi 2014) . With the exception of halo cells, these cells orchestrate processes of secretion and absorption of proteins, ions, water, and protons into and from the epididymal lumen. They contribute to the establishment of a luminal environment suitable for sperm maturation, concentration, and storage (Robaire and Hinton 2015) . Indeed, epididymal proteins interact strongly with sperm causing morphological and functional modifications during their transit through the epididymis (Cornwall 2009; Dacheux and Dacheux 2014) .
The luminal fluid in which sperm reside during maturation can be modified by lifestyle and environmental factors, causing male reproductive dysfunctions as described for humans (Aitken 2013) . In this way, animals exposed to anthropogenic environments can be affected as well.
Calomys tener and Necromys lasiurus are small sigmodontines occupying open areas of Cerrado and Atlantic Forest edges. Their subfamily Sigmodontinae is the most diverse and widely distributed mammalian group in the Western Hemisphere (Rosalino et al. 2013; Salazar-Bravo et al. 2013) . While the monophyly of this subfamily is supported by molecular data, the morphological heterogeneity of the group hinders diagnosis based on morphological characters (Pacheco 2003) . Traditionally, sigmodontine genera have been united in groups, and most of them are properly recognized at the tribal level. Necromys lasiurus is classified within the tribe Akodontini (D'Elía et al. 2007 ), whereas C. tener is a member of the tribe Phyllotini (Salazar-Bravo et al. 2013) .
There is little information about the reproductive biology of either species, including the physiology and morphology of the epididymis. We describe and compare histological parameters and protein expression of the epididymides of C. tener and N. lasiurus from a protected area in the Atlantic Forest of Brazil, where they are unlikely to be exposed to disruptive anthropogenic factors. Our data add to an understanding of the reproductive biology of sigmodontine rodents, provide a baseline for comparison to more disturbed sites, and suggest the possibility that descriptions of the epididymides may be of utility in taxonomic studies.
Materials and Methods
Animal capture.-Animal sampling was performed at a preserved fragment of Atlantic Forest (20°81′S, 42°85′W) located in the private reserve of natural heritage (PRNH) Rubens Rezende Fontes in Minas Gerais State, Brazil, from July to December 2012. Sexually mature rodents were trapped using Sherman (H. B. Sherman Traps, Inc., Tallahassee, Florida), Tomahawk (Tomahawk Live Trap Co., Hazelhurst, Wisconsin), and pitfall traps (e.g., Barros et al. 2015; Kluever et al. 2016) . Permits for field collection were provided by Chico Mendes Institute for Biodiversity Conservation (ICMBio; number 22289-1). This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All experimental procedures were reviewed and approved by the Committee on the Ethics and Use of Animal Experiments of Federal University of Viçosa (UFV/ CEUA process number 09/2012), and conformed to the guidelines for the use of wild mammals in research of the American Society of Mammalogists (Sikes et al. 2016) .
Epididymis collection.-Five C. tener (19.61 ± 2.89 g) and 6 N. lasiurus (24.85 ± 3.44 g) were sedated with xylazine hydrochloride (10 mg/kg intramuscular), anesthetized with ketamine hydrochloride (150 mg/kg intramuscular), and euthanized (Souza et al. 2016) . Epididymides were removed, dissected (Figs. 1A and 1B), and weighed. The epididymal somatic index (ESI) was obtained by computing the ratio between epididymis weight (EW) and body weight (BW), where ESI = EW/BW × 100. The left epididymis was used for histology and the right was used for proteomic analysis. Analyses were conducted on the caput, corpus, and cauda regions.
Histological procedure for light microscopy.-The entire epididymides were immersed in Karnovsky fixative solution (2.5% glutaraldehyde, 4% paraformaldehyde in 0.1 M pH 7.2 sodium phosphate buffer), dehydrated in crescent ethanol series (70%, 80%, 90%, and 100%), and embedded in 2-hydroxyethyl methacrylate (Historesin, Leica Biosystems Inc., Buffalo Grove, Illinois). Sections with a thickness of 3 μm were stained with toluidine blue-sodium borate (1%), and qualitatively analyzed using light microscope (Olympus BX41; Olympus Corp., Center Valley, Pennsylvania).
Epididymal histomorphometry.-For morphometric analysis, digital images of the 3 epididymal regions were obtained using a light microscope (Olympus BX53) equipped with a digital camera (Olympus DP73) and analyzed with Image-Pro Plus 4.5 (v. 4.0-Media Cybernetics Inc., Rockville, Maryland) software. The mean tubular diameter of each epididymal region was obtained by measuring at random 20 tubular cross sections, as circular as possible, per animal (n = 4 animals per species). These sections were also used to measure the luminal diameter and epithelial height, which was obtained between the tunica propria to tubular lumen. The epithelial height for each tubule was estimated as the average of 4 diametrically opposed measurements (Souza et al. 2016) .
The relative distribution of epithelial cell types in the epididymis was estimated by cell count in different sections of the duct (Beu et al. 2009 ). Cells were counted in 10 sections per region per animal. The result of the crude cell count was corrected by applying Amann's formula (Amann 1962 where they were maintained for 10 min in order to facilitate delivery of epididymal fluid. Then, the microtubes were centrifuged at 700 rpm for 10 min at 4°C. The recovered supernatant was centrifuged again at 14,000 rpm for 10 min at 4°C. The resulting supernatant was recovered and evaluated under light microscopy to detect any contamination with red blood cells, epithelial cells, and spermatozoa. Samples were stored at −20°C until processing for mass spectrometry.
Epididymal fluid samples were concentrated to 10 µl at room temperature and subsequently diluted in deionized water (50 µl) and 50 mM sodium bicarbonate (10 µl), followed by warming at 80°C for 30 min and centrifuging at 10,000 rpm for 10 min. Thereafter, we added 2.5 µl dithiothreitol (DTT; 100 mM) to each sample, resulting in the sample being alkylated with iodoacetamide (IAA; 300 mM). The samples were stirred, warmed at 60°C for 30 min, and centrifuged at 10,000 rpm for 10 min. Trypsin (400 ng; Promega, Madison, Wisconsin, Cat. # V5111) was added to samples with 50 µg of total proteins that were maintained at 37°C overnight (van Tilburg et al. 2015) . The protein digestion was quenched with 10 µl of trifluoroacetic acid (5%) for 90 min at 37°C. Samples were then centrifuged (14,000 rpm for 30 min at 6°C), and the supernatant was transferred to microtubes. The extracts were concentrated and resuspended in 10 µl of 5% acetonitrile containing 0.1% formic acid and transferred to injection vials.
Peptides resulting from the digestion were analyzed by capillary chromatography coupled to mass spectrometry (capillary liquid chromatography/tandem nanoelectrospray ionization mass spectrometry [CapLC-MS/MS]) using a SYNAPT G2 HDMS spectrometer. The spectrometer was connected to a liquid chromatography unit of ultra-performance (UPLC) nano-ACQUITY in the Proteomics Unit of the Faculty of Pharmacy, University of Fortaleza, as described by Souza et al. (2012) .
The spectrometer was operated to acquire MS/MS spectra of tryptic peptides in MSE mode, using the charge state recognition and strength limit as selection criteria through the MassLynx 4.1 application. One scan was performed at 2 s mass ratio data/charge (m/z) between 400 and 1500 to obtain MS/MS data. All ions were subjected to the dissociation induced by collision process (DIC) in the presence of argon. The resulting ion spectra (6-8 s) were processed using the Protein Lynx Global Server 2.5 application and converted into peak list files (PKL) to search in databases. For identification of proteins, the searches were conducted using the Protein Lynx Global Server 4.1 application against the database of the order Rodentia in the Swissprot database following the criteria: maximum 1 missed cleavage of trypsin, monoisotopic peptides with variable modification of the methionine oxidation, and fixed carbamidomethylation variation of the cysteines. The selected mass limits of tolerance for the variation of the peptides and fragments are 0.3 and 0.1 Da, respectively.
Gene ontology.-Data from epididymal protein identification obtained after MASCOT search were analyzed using software for protein research notes (STRAP), an open-source application for the 2 species. The gene ontology terms for biological processes, cellular components, and molecular function were obtained from databases and UniProtKB EBI GOA (Bhatia et al. 2009 ). Statistical analysis.-Analysis of variance (ANOVA) was used to compare histomorphometric parameters (epithelial height, and tubular and luminal diameters) of epididymides within and between species, considering a level of significance of 5%. First, we considered epididymal regions as factors (caput, corpus, and cauda) and histomorphometric parameters as response variables, comparing regions within each species. Then, we performed a posteriori Tukey's HSD test to account for the differences between each pair of factors (Zar 2010) . We also compared the same histomorphometric features from each epididymal region between species. We chose ANOVA since it is considered the most powerful test to compare 2 or more factors (explanatory variables or treatments). Moreover, all of our response variables followed the ANOVA premises, which are normal distributions and homogeneous variances (Zar 2010) . Results were expressed as mean ± SE.
results
Epididymis morphology and histomorphometry.-Epididymis weight and epididymal somatic index in C. tener and N. lasiurus were, respectively, 0.04 ± 0.014 g and 0.048 ± 0.005 g, and 0.189 ± 0.05% and 0.202 ± 0.02%. In regard to histological aspects, the epididymis in C. tener and N. lasiurus presented many septa of connective tissue that became thinner when in contact with the duct sections, forming the intertubular compartment rich in blood vessels ( Figs. 2A-F) , lymph vessels, fibroblast, macrophages, and mast cells. The tubular compartment was composed of a tunica propria and a columnar pseudostratified epithelium covering the epididymal duct and delimiting the lumen with sperm ( Figs. 2A-F) . A thick layer of smooth muscle in the cauda region was easily identified around the duct sections (Figs. 2E and 2F) .
Epididymal regions were identified by histological features such as epithelial height, and tubular and luminal diameters ( Fig. 2) . The cauda region (Fig. 2E) presented the highest tubular (F 2,9 = 5.68, P = 0.025) and luminal diameters (F 2,9 = 14.16, P = 0.002) when compared to the other regions in C. tener (Table 1; Figs. 2A and 2C ). The epididymis of N. lasiurus (Figs. 2B, 2D , and 2F) showed statistical differences among its 3 regions for tubular (F 2,9 = 41.26, P << 0.001) and luminal diameters (F 2,9 = 135.31, P << 0.001; Table 1 ). The epithelial height did not show differences among regions in each species (C. tener: F 2,9 = 1.5, P = 0.27; N. lasiurus: F 2,9 = 3.96, P = 0.058). Moreover, C. tener showed the highest values for luminal (F 1,6 = 64.37, P << 0.001) and tubular (F 1,6 = 12.32, P = 0.013) diameters in the caput region when compared to N. lasiurus (Table 1) .
The epididymal epithelium was essentially composed of 3 cell types, identified under light microscopy as principal, basal, and clear cells (Fig. 3) . Their structure and shape were similar in C. tener and N. lasiurus. Principal cells were the most abundant cell type along the epididymal duct, characterized by a columnar shape. Their nuclear shape was elongated in some histological sections (Fig. 3A) , but it was predominantly spherical in the caput (Fig. 3C), corpus (Figs. 3B and 3D) , and cauda regions. Basal cells were also observed along the epididymal epithelium. However, they were located in the basal portion, close to the tunica propria. The nuclei of these cells were observed in elongated or rounded format (Figs. 3A and  3C ). Clear cells were identified in the 3 regions as a columnar cell intercalated among adjacent principal cells, showing oval, lightly stained, basally arranged nuclei with conspicuous nucleoli. The apical cytoplasm of these cells was also lightly stained, except for vesicles located in the supranuclear portion (Figs. 3C and 3D) .
With regards to the relative frequency of epithelial cell types, principal cells were the most predominant throughout the epididymis, followed by basal and clear cells (Figs. 4A-C) . There was no significant difference between species for the distribution of cells in each segment (Supplementary Data SD1) . Proteomic analysis.-Based on mass spectrometric analysis, 32 proteins were identified in the caput, 35 in the corpus, and 29 in the cauda regions of the epididymis of C. tener, of which 9, 12, and 11 proteins were found in each region, respectively. On the other hand, we detected 33, 20, and 31 proteins in the caput, corpus, and cauda regions of the epididymis of N. lasiurus, respectively. Of these proteins, 19, 7, and 24 were found in each respective region (Table 2 ; Supplementary Data SD2). Moreover, aldose reductase, superoxide dismutase Cu-Zn, carboxylesterase 5A, and clusterin were detected in the epididymis of N. lasiurus, whereas they were not expressed in C. tener (Table 2) .
Based on analysis of gene ontology, proteins were grouped according to biological process, cellular component, and molecular function (Figs. 5-7) . Cellular processes and regulation were the 2 main biological processes identified for epididymal proteins in C. tener and N. lasiurus (Fig. 5) . However, only the cauda region in N. lasiurus presented proteins that participate in the immune system response. Moreover, we did not detect proteins related to localization in the caput region of N. lasiurus (Fig. 5) . With regards to the cellular component, the detected proteins were mainly from cytoplasm, nucleus, and intracellular organelles (Fig. 6) . The most prominent molecular function of epididymal proteins in C. tener and N. lasiurus was related to binding, followed by catalytic activities (Fig. 7) . Other proteins were related to structural molecular activity, which were not present in the cauda and caput regions from the epididymis of C. tener and N. lasiurus, respectively. In addition, we detected proteins related to antioxidant activities in the cauda and corpus regions in the epididymides of C. tener and N. lasiurus, respectively (Fig. 7) . discussion This is the first study describing aspects of epididymal histology and the proteomes of 2 sigmodontine rodents from open areas on the periphery of the Brazilian Atlantic Forest, in an area generally protected from anthropogenic disturbance. Our results showed C. tener and N. lasiurus epididymides presented differences related to their histomorphometry and protein expression, whereas the morphology and distribution of the epithelial cell types were similar across the 2 species.
Calomys tener had a lower epididymal somatic index than N. lasiurus, possibly due to its lower body mass. Observed differences between species for the tubular and luminal histomorphometry are not related to body mass, but to other factors such as presence of fluid and sperm in the luminal duct and testosterone production (Hamzeh and Robaire 2009 ). Thus, differences in epididymal somatic index and histomorphometry may reflect distinct functional aspects of C. tener and N. lasiurus individuals.
Reduction in epithelial height from the proximal to distal regions, as well as the progressive increase in diameter of the duct and lumen along their epididymides, has been reported in other mammals (Takano 2007; Castro et al. 2016) . These findings may indicate functional differences between epididymal regions, such as absorption, secretion, and maintenance of the luminal fluid, related to sperm maturation and storage (Cornwall 2009; Robaire and Hinton 2015) .
The morphology and distribution of epithelial cells described in C. tener and N. lasiurus are similar to the same cell types reported in the epididymides of other rodents (Serre and Robaire 1998; Domeniconi et al. 2007; Takano 2007) . Principal cells are responsible for protein production and endocytosis (Robaire and Hinton 2015) , whereas basal cells have been related to immune response and paracrine regulation of the principal cell secretion via PGE 2 signaling (Shum et al. 2008; Arrighi et al. 2014) . The high frequency of clear cells in distal epididymal regions in C. tener and N. lasiurus indicates they have a more predominant acidifying role in the distal portion, where sperm cells are stored, than the proximal regions (Shum 14-3-3 protein beta chain x x x x 14-3-3 protein epsilon chain x x x 14-3-3 protein gamma chain x 14-3-3 protein sigma chain x x 14-3-3 protein theta chain x x 14-3-3 protein zeta chain x x x 26S proteasome non ATPase regulatory subunit 13 . Furthermore, the presence of vesicles in large number and different sizes stained with toluidine blue in the clear cell cytoplasm suggests a marked endocytic role for these cells in the epididymal epithelium (Domeniconi et al. 2007) .
A gel-free proteomic-based approach allowed identification of molecules present in each species and epididymal region. In this context, proteins expressed in the epididymal fluid of C. tener and N. lasiurus have also been described as part of the epididymal epithelium or fluid in several other species, indicating they are well conserved (Gatti et al. 2004; Dacheux et al. 2012; Souza et al. 2012) . Moreover, few proteins are exclusive to the epididymis, as most of them are secreted by tissues and structures in the female reproductive tract and other organs of the male reproductive tract, including testes and accessory sex glands (Hao et al. 2006; Belleanné et al. 2011; Souza et al. 2012; Liu et al. 2015) . Furthermore, many proteins described in the epididymides of these wild rodents are also present in other organs and secretions of the body, including bone and tooth extracellular matrix, blood, milk, and fluids (Moura et al. 2010; Belleanné et al. 2011; de Menezes et al. 2016) . By analogy with activity of these proteins in other tissues, general functions within the epididymis can be suggested, such as sperm protection against oxidative stress, membrane remodeling, maturation, and motility acquisition (Holmes et al. 2008; Griffiths et al. 2009; Belleannée et al. 2011; Dacheux and Dacheux 2014) .
Aldose reductase, superoxide dismutase Cu-Zn, carboxylesterase 5A, and clusterin were expressed only in the epididymis of N. lasiurus. These proteins have been identified in epididymides and spermatozoa from other mammals (Holland et al. 1982; Abou-Haila and Fain-Maurel 1986; Griffiths et al. 2009; Baba et al. 2011) , and in other tissues (Boonyuen et al. 2015; Kador et al. 2016) . Indeed, secretion pattern of proteins are generally species-specific. In regard to the epididymis, several hundred proteins identified from its luminal fluid have varying concentrations between species (Gatti et al. 2004; Dacheux et al. 2012) . No phylogenetic studies of mammals have been carried out using epididymal proteins, but the major proteins seem to be a proteomic signature for closely related species, as observed for bovid species (Dacheux and Dacheux 2014) . The presence of proteins from blood and extracellular matrix in our findings, as well as proteins described as part of cells, may indicate an epididymal fluid contamination by disrupted cells. The proteins detected were alpha and beta globin, murinoglobulin 1, mioglobulin, collagen type III alpha 1 chain, actin, tubulin, myosin light chain 1 3 skeletal muscle isoform, creatine phosphokinase, creatine kinase B type, histone 1, testisspecific histone 1, and DNA topoisomerase 2 alpha. Although we have checked each fluid sample under light microscopy to assure there were no signs of spermatozoa, epithelial cells, and red blood cells, the tiny size of the epididymis may have contributed to the cellular disruption during the luminal fluid collection. It is known that the epididymis is a highly vascularized tissue with a great complexity of cell types (Cornwall 2009; Robaire and Hinton 2015) . Nevertheless, the presence of those proteins has not interfered in our results, since we identified proteins that have been previously detected in other species, using the same methodology (Souza et al., 2012; van Tilburg et al. 2015) .
In summary, the epididymides of C. tener and N. lasiurus presented differences related to histomorphometric features and protein expression. The knowledge of epididymis histophysiology sets the foundations for comprehensive understanding of reproductive biology in those small rodents. Moreover, the study of morphological characters in South American rodents is necessary, since the great majority of studies have been performed in murines. We suggest further studies describing the epididymis in closely related species from both genera in order to certify if the approaches used here would be helpful as a complementary tool for taxonomic studies. Finally, we described the epididymis histology and proteomes in animals from preserved habitat, which creates a comparison baseline for studies evaluating the effects of environmental endocrine disruptors on the functionality of the epididymal epithelium.
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